Abstract-The design of a planar bandpass filter with ultrawideband behavior and suppressed second harmonic is presented. The proposed filter utilizes broadside coupling between elliptical microstrip patches at the top and bottom layers of the filter's structure via an elliptical slot located on the ground plane on the mid layer. Short stubs are introduced in the mid layer to suppress the higher harmonics. The design procedure for a two-section broadside-coupled filter with suppressed harmonics is explained. The results of full-wave electromagnetic simulations show that the designed device has a 3 dB insertion loss bandwidth from 3.1 to 10.6 GHz, a sharp cutoff stopband, and more than 20 dB insertion loss in the stopband. The designed filter has a compact size of 1.5 cm × 2.5 cm.
INTRODUCTION
Microstrip bandpass filters (BPF) have been widely used in microwave and RF communication systems for permitting signal in the desired range of frequencies and rejecting all others. The design of bandpass filters with compact size, good performance, and low cost are in high demand, especially for ultra-wideband (UWB) systems. In order to use the BPF for UWB systems, it is required to have low insertion loss over the band from 3.1 to 10.6 GHz, and a flat group delay performance within that band.
Several techniques have been reported in the literature for the design of UWB BPF filters. The early planar BPFs were designed using end-coupled coplanar waveguides (CPW) [1] . In [2] , a UWB BPF was developed by adopting a high-pass filter prototype and transition stretched stubs to create the lower and upper stop-bands. BPFs based on the combination of CPW low-and high-pass periodic structures were presented in [3] and [4] . These wideband filters have good suppression of the out-of-band response. However, they have the drawback of a large physical size and an imperfect group delay over the passband. In order to meet the UWB filter specification, several studies to increase the number of sections have been reported in [5] . In [6] , parallel-coupled microstrip lines with a slotted ground plane were employed to give the required tight coupling for a wideband BPF. However, increasing the fractional bandwidth requires the use of a very narrow, and sometimes impractical, gap size in spite of the modified three coupledlines method presented in [7] .
The tolerance of the microstrip and CPW fabrication process imposes an upper limit upon coupling levels for parallel-and edge-coupled structures. This makes the manufacturing of UWB filters which utilize those structures difficult, as their performance is very sensitive to manufacturing errors. This difficulty can be circumvented by implementing tight coupling using the broadside coupling technique proposed in [8] . In [8] , elliptical shaped broadside microstrip-slot couplers were used to construct UWB bandpass filters. In order to improve the performance at the high stopband, multiple broadside-coupled sections of up to five sections were utilized. The main drawback of this approach is an increased size and degradation of passband characteristics.
In this paper, the broadside coupling technique presented in [8] is used to design a new UWB BPF. In order to overcome the higher second harmonic, short stubs are introduced in the ground plane. These stubs compensate for the difference in the even-and odd-mode phase velocities that produce the unwanted second harmonic. The length of the stubs is optimized to maintain the insertion loss within the acceptable range in the passband and suppress all the higher harmonics in the higher stopband. Using this new technique, one can use only two stages to achieve the design goals, which lead to a reduction in the overall size of the filter and an enhancement of the high stopband performance.
II. PROPOSED DEVICE
The two stage BPF configuration introduced in [8] is shown in Fig. 1 . The filter consists of two similar elliptical-shaped microstrip patches at both the top and bottom layers of the multilayer structure. An additional 50 Ω microstrip line is used to connect the two patches at the bottom layer in order to minimize the undesired mutual coupling between the two patches. The mid layer of the structure contains the ground plane with two elliptical slots that are needed to control the level of electromagnetic coupling between the top and bottom layers. The optimized dimensions of the two-stage BPF as calculated in [8] The newly proposed two-stage BPF configuration is illustrated in Fig.3 . Both The top layer and the bottom layer have two similar elliptical-shaped microstrip patches with the same dimensions as the original two-stage filter. The difference concerns an inclusion of four short stubs of length L t inside both the elliptical slots in the mid layer as depicted in Fig. 3 (a) . Figure 4 presents the return loss and the insertion loss of the newly proposed two-stages BPF with 2.4 mm stubs. The designed filter has a passband which covers the ultra-wideband range of 3.1 to 10.6 GHz. The insertion loss at the centre of the passband is less than 1 dB, whereas the return loss is greater than 25 dB. The main advantage of this design is the suppression of the second harmonic. The graph shows that the second harmonic is suppressed completely with an insertion loss larger than 20 dB in most of the stopband.
Another advantage of this design is the sharp cutoff frequency at both the low and high stop-bands. The new design reveals sharp edges comparable with the two-stage filter presented in [8] . Using this design, we can satisfy the required fractional bandwidth as well as getting a sharp cutoff at the stopband using only two sections. 
III. CONCLUSION
The design of a two-stage planar bandpass filter that covers the frequency band from 3.1 GHz to 10.6 GHz has been presented. The simulated results have shown that the designed filter has a 3 dB insertion loss passband extending from 3.1 GHz to 10.6 GHz. The insertion-loss is less than 1dB and the return loss is larger than 25 dB in the center of the passband. Furthermore, the results have shown that the second harmonic is completely suppressed using the double-stage filter. The results have also revealed sharp low-and high-frequency stop bands. The device has a compact size of 1.5 cm × 2.5 cm for two stages, which is welcome in many applications especially for modern multilayer microwave circuits. At the time of writing this paper, the filter is in the manufacturing stage.
